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Dendritic cells play a key role in establishing the class
of immune response against invading pathogens. Upon
engagement with double-stranded RNA, a major
bioactive constituent of many virus types, immature
dendritic cells develop into type 1 immunostimulatory
dendritic cells that promote Th1 responses. Immature
dendritic cells reside in the epithelia and are in close
contact with keratinocytes. We studied to what extent
dendritic cells can also adopt a type 1 immunostimula-
tory dendritic cell phenotype indirectly, as a result of
the interaction with keratinocytes responding to dou-
ble-stranded RNA. In contrast to supernatants from
keratinocytes activated by the combination of tumor
necrosis factor a and interleukin-1b, supernatants from
keratinocytes activated by synthetic double-stranded
RNA, polyriboinosinic polyribocytidylic acid, com-
prised tumor necrosis factor a and type I interferons,
which induced maturation of human monocyte-
derived immature dendritic cells. In addition, dendritic
cells matured in the presence of these supernatants
strongly biased the development of Th1 cells from naive
Th cells. This bias was dependent on keratinocyte-
derived interferon-a/b and interleukin-18, as neutraliza-
tion of both interferon-a/b and interleukin-18 in the
keratinocyte culture supernatant reduced the develop-
ment of interferon-c-producing Th cells. These ¢ndings
suggest that keratinocytes can contribute to the devel-
opment of selective Th1/Th2 responses through the in-
duction of maturation and functional polarization of
dendritic cells, indicating a novel role for keratinocytes
as initiators and regulators of cutaneousT-cell-mediated
in£ammation. In addition, these results support the
concept that, in addition to direct interaction with
pathogens, dendritic cells may also be activated and
primed by pathogen indirectly, via the e¡ect of resident
tissue cells responding to pathogen. Key words: epithelial
cells/innate immunity/skin/viral. J Invest Dermatol 120:
990 ^997, 2003
T
he skin is the primary interface between the body
and the environment and provides the ¢rst line
of defense against microbial and chemical agents.
The most damaging consequence of the disruption
of skin is invasion by pathogenic microorganisms
(Robert and Kupper, 1999). Epidermal epithelial cells, keratino-
cytes, represent the major constituent of the skin and participate
actively in the skin immune system by producing, constitutively
or upon stimulation, various soluble mediators, such as cytokines,
chemokines, eicosanoids, and growth factors (Luger and Schwarz,
1990; Fujisawa et al, 1997). For instance, several bacterial and viral
compounds induce in keratinocytes the release of the proin£am-
matory cytokine tumor necrosis factor a (TNF-a), which contri-
butes to local in£ammatory reactions within the epidermis (K˛ck
et al, 1990; Ezepchuk et al, 1996).
Speci¢c skin in£ammation, such as infections, contact
hypersensitivity, and skin graft rejection, is regulated by a com-
plex and sequential mechanism involving dendritic cells (DC),
keratinocytes, and T cells, and a variety of soluble mediators
they produce (Grabbe et al, 1991; 1992). Immature dendritic
cells (iDC) are located in peripheral tissues (e.g., epidermal
Langerhans cells and dermal DC) in close contact with keratino-
cytes. DC are the only antigen-presenting cells that can
prime naive Th cells and initiate immune responses. After
exposure to antigens, activated DC migrate from peripheral
tissues to T cell areas of the draining lymph nodes. During
this migration, iDC undergo maturation from cells that
have the capacity to take up antigen into potent immunostimula-
tory e¡ector cells (Steinman, 1991; Banchereau and Steinman,
1998).
DC maturation can be induced in vitro by several factors in-
cluding the combination of the proin£ammatory cytokines inter-
leukin-1b (IL-1b) and TNF-a, type I interferons (IFNs), various
microbial compounds, or CD40 ligand (CD40L) (Cella et al,
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1996; 1999; Verhasselt et al, 1997; Luft et al, 1998; 2002; Sparwasser
et al, 1998). During their maturation, DC may also gain the capa-
city to polarize naiveTh cells intoTh1 or Th2 cells. This ability is
determined in peripheral tissues by the type of invading patho-
gen or their bioactive compounds, and is established either upon
the direct activation of iDC by pathogen (Paschen et al, 2000;
Rescigno et al, 2000;Whelan et al, 2000), or upon the indirect ac-
tivation by mediators of the local in£ammatory response of tissue
cells in response to pathogen (Kalin ski et al, 1999a; Vieira et al,
2000).
Double-stranded RNA (dsRNA) is an intermediate within
the replication cycle for RNA viruses and some DNA viruses,
and is their major bioactive component (Colby and Duesberg,
1969; Haines et al, 1991). Polyriboinosinic polyribocytidylic acid
(poly I:C) is a synthetic dsRNA that is often used as a model of
viral infection.
Considering the fact that iDC reside in the close vicinity of
keratinocytes, these cells may play an important role in the activa-
tion and polarization into Th1 (DC1)- or Th2 (DC2)-promoting
e¡ector DC. This is corroborated by the study of Pastore et al
(1997) in which it was demonstrated that granulocyte macro-
phage colony stimulating factor (GM-CSF) produced by kerati-
nocytes enhanced the survival of DC. Therefore, we studied
whether and how factors produced by keratinocytes, upon activa-
tion by the proin£ammatory cytokines TNF-a/IL-1b or by a mi-
mic for a virus infection, activate and/or polarize DC.
MATERIALS AND METHODS
Culture of human keratinocytes Primary cultures of normal
human keratinocytes were prepared from neonatal foreskins or adult skin
undergoing plastic surgery. The skin was incubated with thermolysin (500
mg per ml; Sigma-Aldrich, St. Louis, MO) for 16 h at 41C. Epidermal
sheets were removed from the dermis and single cell suspensions
were obtained by placing epidermal sheets in trypsin (0.025%; Life
Technologies, Paisley, U.K.) for 5 min at 371C. After neutralizing with an
equal volume of fetal bovine serum (FBS) (HyClone, Logan, UT) stratum
corneum debris was removed and then sieved through sterile nylon gauze
to obtain a single cell suspension. Isolated epidermal cells were seeded at a
density of 8^10104 cells per cm2. At 70%^80% con£uence, keratinocytes
were detached with 0.025% trypsin, 2 mM ethylenediamine tetraacetic acid
for 5 min at 371C, and subcultured or frozen. Keratinocyte cultures were
maintained in Keratinocyte SFM (Gibco, Paisley, U.K.).
Stimulation of human keratinocytes Human keratinocytes were
plated at a concentration of 2.5104 cells per ml (six-well plates, Costar,
Cambridge, MA) and after 48 h the cells were pulsed for 2 h with poly
I:C (200 mg per ml; Sigma-Aldrich). Keratinocytes were then washed
extensively [¢ve times in 5 ml of phosphate-bu¡ered saline (PBS), i.e.,
41106 times diluted], fresh medium without hydrocortisone (5 ml)
was added, and the cells were cultured for an additional 46 h.
Keratinocytes were also pulsed with the proin£ammatory cytokines
recombinant human (rhu) TNF-a (50 ng per ml, PBH, Hannover,
Germany) and rhuIL-1b (100 ng per ml; PBH). The culture supernatants
were collected after the indicated time, centrifuged to remove cells, and
stored at 41C before use or stored at ^201C for cytokine measurements.
The concentrations of IL-8, TNF-a, IFN-a, and IL-18 in 46 h
supernatants were determined by enzyme-linked immunosorbent assay
(ELISA) (see below). Keratinocytes were also stimulated for 4 h with the
stimuli stated above; the cells were lyzed for examination of IFN-a and
IFN-b gene expression by reverse transcription polymerase chain reaction
(RT-PCR) (see below).
RNA isolation and cDNA synthesis Keratinocyte total RNA was
puri¢ed by using the NucleoSpins RNA II kit (Macherey-Nagel, Dˇren,
Germany) according to the manufacturer’s instructions. Complementary
DNA was generated using the ¢rst strand cDNA synthesis kit for RT-
PCR (MBI Fermentas, St. Leon-Rot, Germany). To anneal the primer to
the RNA, 9 ml of total RNA, 1 ml oligo(dT)18, and 1 ml D(N)6 were added.
This mix was then heated for 5 min at 941C.
PCR analysis The primer sequences were as follows: IFN-a2, sense, 50 -
AGTCAAGCTGCTCTGTGGGC-30; antisense, 50GTGAGCTGGCATAC
GAATCA-30, de¢ning a 571 bp product; HPLC-treated IFN-b, sense, 50 -
GATTCATCTAGCACTGGCTGG-30; antisense, 50 -CTTCAGGTAATGC
AGAATCC-30, de¢ning a 186 bp product. Both primers have an
annealing temperature of 601C and 45 cycles. PCR products were
analyzed on a 1% agarose gel containing ethidium bromide. A 100 bp
DNA ladder standard (MBI Fermentas) was used as a size marker.
Generation of iDC from peripheral blood monocytes iDC were
generated from monocytes in culture in Iscove’s modi¢ed Dulbecco’s
medium (IMDM; Life Technologies) containing 1% FBS (HyClone),
rhuGM-CSF (500 U per ml; Schering-Plough, Uden, The Netherlands),
and rhuIL-4 (250 U per ml; PBH), as described previously (Sallusto and
Lanzavecchia, 1994; Kalin ski et al, 1998).
E¡ect of keratinocyte supernatants on DC In order to study the
e¡ect of keratinocyte-derived soluble mediators on DC, supernatants from
nonactivated or TNF-a/IL-1b- or poly I:C-activated keratinocytes were
added to iDC at a concentration of 50% (vol/vol) of the culture. As
controls, iDC were exposed to keratinocyte culture medium or
lipopolysaccharide plus TNF-aþ IL-1b [LPSþmaturation factors (MF)].
After 48 h, DC were harvested and analyzed for their maturation status
by cell surface expression determined by £uorescence-activated cell sorter
(FACS), their cytokine production upon CD40 ligation, their T cell
stimulatory capacity, and their capacity to induce the development of Th1
or Th2 cell responses in naive precursors. When indicated, the following
were added to keratinocyte supernatants before addition to iDC:
neutralizing antibodies against TNF-a (10 mg per ml, IgG1; Diaclone
Research, Besanc on, France), or two neutralizing sheep antisera to human
type I IFN [Iivari (450,000 neutralizing U per ml anti-IFN-aþ 3000 U per
ml anti-IFN-b) and Kaalepi (30,000 U per ml anti-IFN-aþ 30,000 U per
ml anti-IFN-b)] (Mogensen et al, 1975), or IL-18 binding protein (IL-18 bp;
10 mg per ml, Amgen, Thousand Oaks, CA). The following antibodies or
serum were used as negative control Ig: sheep serum (Sigma-Aldrich) and
mouse IgG1 (10 mg per ml, MOPC-21; Sigma-Aldrich).
Analysis of cell surface expression The expression of cell surface
molecules associated with maturation of DC was determined using
monoclonal antibodies against the following surface markers: CD1b
(IgG1; Diaclone Research), CD86 (BD Pharmingen, San Diego, CA),
CD80 (Pharmingen), CD83 (HB15a, IgG2b; Immunotech, Marseille,
France). Fluorescein isothiocyanate (FITC) coupled goat F(ab0)2 antimouse
IgG and IgM (Jackson ImmunoResearch Laboratories, West Grove, PA)
was used as a secondary reagent. Samples were analyzed on a FACScan
(Becton Dickinson).
IL-12p70 production by iDC iDC were washed and stimulated
(2104 cells in 200 ml) in 96-well £at-bottomed culture plates (Costar) in
IMDM containing 10% FBS with either LPS (250 ng per ml; Sigma-
Aldrich) and IFN-g (103 U per ml) or with irradiated (2500 Gy) CD40L-
transfected J558 plasmacytoma cells (J558-CD40L, 2104 cells per well;
a gift of Dr. P. Lane, Birmingham, U.K.) in the absence or in the presence
of 50% (vol/vol) keratinocyte supernatants. Supernatants were harvested
after 24 h, and the concentrations of IL-12p70 were measured by ELISA
(see below).
IL-12p70 production by Dc matured in the presence of keratinocyte
supernatants As IL-12 production by DC is dependent on their
maturation status (Kalinski et al, 1999b), DC were matured by the addition
of keratinocyte supernatants (50% vol/vol) in the presence of a
combination of rhuIL-1b (10 ng per ml; PBH), rhuTNF-a (50 ng per ml;
PBH) (MF), and LPS (250 ng per ml; Sigma-Aldrich) to iDC. As a control
iDC were matured in the presence of IL-1b plus TNF-a plus LPS. On day
8, DC were washed and 2104 cells per well were stimulated in 96-well
£at-bottomed culture plates (Costar) in IMDM containing 10% FBS in a
¢nal volume of 200 ml with irradiated (2500 Gy) CD40L-transfected J558
cells (2104 cells per well), which were previously shown to induce IL-
12p70 in an IFN-g-independent way (Cella et al, 1996). Supernatants were
harvested after 24 h, and the concentrations of IL-12p70 were measured by
ELISA.
Isolation of CD4þCD45RAþCD4RO^ naive Th cells Naive Th
cells were isolated from peripheral blood leukocytes with the negative
selection human CD4þ/CD45RO^ column kit (R&D Systems,
Minneapolis, MN). This method yielded highly puri¢ed (498%)
CD4þCD45RAþCD45RO^ naive Th cells as assessed by £ow cytometry
(data not shown).
Mixed lymphocyte reaction Mature DC were also tested for their
ability to stimulate allogeneic naive Th cells in a mixed lymphocyte
reaction. Naive Th cells (2.5104 cells per 200 ml) were cocultured in 96-
well £at-bottomed culture plates with di¡erent concentrations of mature
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DC. After 5 d, cell proliferation was assessed by the incorporation of
[3H]thymidine (Radiochemical Center, Amersham, Little Chalfont, U.K.)
after a pulse with 13 kBq per well during the last 16 h, as measured by
liquid scintillation spectroscopy.
Induction of Th1 or Th2 cell responses by mature DC Naive Th
cells (2104 cells per 200 ml) were cocultured in 96-well £at-bottomed
culture plates with heterologous DC (0.5104 cells per 200 ml) matured
in the di¡erent conditions stated above and coated with the superantigen
Staphylococcus aureus enterotoxin B (SEB, 100 pg per ml; Sigma-Aldrich).
On day 5, IL-2 (10 U per ml; Cetus, Emeryville, CA) was added and the
cultures were further expanded. After 14 d, resting memoryTh cells were
harvested, washed, and restimulated for 6 h with phorbol myristate acetate
(PMA, 10 ng per ml; Sigma-Aldrich) and ionomycin (1 mg per ml; Sigma-
Aldrich) in the presence of brefeldin A (10 mg per ml; Sigma) in order to
analyze Th cell cytokine production pro¢le on a single cell basis. The cells
were ¢xed in paraformaldehyde (2%; Sigma-Aldrich), permeabilized with
saponin (0.5%; Sigma-Aldrich), and labeled with FITC-coupled IFN-g
monoclonal antibody (Becton Dickinson) and phycoerythrin-coupled IL-
4 monoclonal antibody (Becton Dickinson). The cells were evaluated by
FACScan (Becton Dickinson).When indicated, DC were cocultured with
naiveTcells in the presence of antibodies against IL-12 (10 mg per ml, rabbit
polyclonal; a gift of Dr. P. van der Meide, U-CyTech, Utrecht, The
Netherlands).
Evaluation of cytokine production by ELISA Determination of IL-
12p70 concentrations in culture supernatants was performed by speci¢c
solid-phase sandwich ELISA as previously described (Kalinski et al, 1998).
To determine IL-8, TNF-a, and IFN-a in culture supernatants, pairs of
speci¢c monoclonal antibodies and recombinant cytokine standards were
obtained from BioSource International (Camarillo, CA). The detection
limits of these ELISA are as follows: IL-8, 30 pg per ml; TNF-a, 20 pg
per ml; IFN-a, 100 pg per ml; IL-12p70, 3 pg per ml. To determine IL-18
in culture supernatants, an IL-18 ELISA kit was obtained from Diaclone
Research (detection limit 62.5 pg per ml).
Statistical analysis Data are expressed as mean 7SD. Data were
analyzed for statistical signi¢cance with the GraphPad InStats software
(version 3.00; GraphPad InStat, San Diego, CA) using ANOVA followed
by Dunnett’s multiple comparisons test. A p-value o0.05 was considered
as the level of signi¢cance.
RESULTS
Poly I:C-activated, but not TNF-a/IL-1b-activated,
keratinocytes induce DC maturation: role of TNF-a and
type I IFNs To evaluate whether keratinocyte-derived
products can contribute to DC maturation, iDC were exposed
for 48 h to supernatants (50% vol/vol) from keratinocytes that
were pulsed for 2 h with poly I:C- or TNF-a/IL-1b and
cultured for a further 46 h. The purity of the keratinocytes, as
veri¢ed by the expression of the epithelial marker cytokeratine
and the ¢broblast-speci¢c marker (ASO2), was more than 99%
(data not shown). DC maturation was monitored by testing for
the induction of cell surface expression of CD83 and for the
upregulation of expression of the costimulatory molecules
CD80 and CD86. In a comparative assay with iDC matured in
control conditions with the combination of LPS and MF
(consisting of TNF-a and IL-1b), we found that exposure of
iDC to supernatants from nonactivated or TNF-a/IL-1b-
activated keratinocytes did not induce their maturation (Fig 1).
This immature phenotype was similar to the phenotype of
cultured iDC, left untreated or treated with keratinocyte
medium. In contrast, poly I:C-activated keratinocyte super-
natants induced DC maturation in the majority of DC, as evident
from the induction of CD83 expression, accompanied by
upregulation of the costimulatory molecules CD80 and CD86
(Fig 1).
Next, we questioned which factor(s) exclusively produced by
poly I:C-activated keratinocytes are responsible for the DC
maturation. As TNF-a (Uchi et al, 2000) and type I IFNs
(Fujisawa et al, 1997) can be readily expressed by keratinocytes
and these soluble factors can induce DC maturation (Verhasselt
et al, 1997; Luft et al, 1998; 2002), the role of TNF-a and type I
IFNs in keratinocyte-induced DC phenotypical changes was
evaluated by adding neutralizing antibodies, or their respective
control Ig or serum, to keratinocyte supernatants before their
addition to the DC cultures. Surprisingly, neutralization of
either of these soluble factors strongly reduced the induction of
CD83, CD80, and CD86 expression by DC (Fig 1), suggesting
that both TNF-a and IFN-a/b produced by poly I:C-activated
keratinocytes are involved in the induction of DC maturation.
Addition of both antibodies against TNF-a and IFN-a/b to
keratinocyte supernatants did not result in further inhibition of
CD83, CD80, and CD86 expression by DC treated with poly
I:C-activated keratinocyte supernatants.
The role of TNF-a and type I IFNs from supernatants of poly
I:C-activated keratinocytes in DC maturation was further
con¢rmed by studying the expression of these cytokines by
di¡erently stimulated keratinocytes. Therefore, keratinocytes
were pulsed for 2 h with either poly I:C or TNF-a/IL-1b and
Figure1. Supernatants from poly I:C-activated, and not TNF-a/IL-1b-activated, keratinocytes induce DC maturation. iDC were cultured for
48 h in the presence of 50% (vol/vol) supernatants from nonactivated or poly I:C- or TNF-a/IL-1b-activated keratinocytes and assayed for maturation by
determining the expression of CD83, CD80, and CD86 by FACS analysis. As a control, DC were matured in the presence of a combination of LPS and the
maturation factors TNF-a and IL-1b (MF). In contrast to no additions, keratinocyte medium, nonactivated or TNF-a/IL-1b-activated keratinocyte super-
natants, exposure of iDC to poly I:C-activated keratinocyte supernatants enhanced the expression of CD83, CD80, and CD86 to levels comparable to
control DC. The role of TNF-a and IFN-a/b in DC maturation was tested by adding neutralizing antibodies to TNF-a (10 mg per ml) or IFN-a/b [two
neutralizing sheep antisera to human type I IFN were used: Iivari (450,000 neutralizing U per ml anti-IFN-aþ 3000 U per ml anti-IFN-b) and Kaalepi
(30,000 U per ml anti-IFN-aþ 30,000 U per ml anti-IFN-b) (1567)], or their respective control Ig (CIg and sheep serum, respectively), to the supernatants
from poly I:C-activated keratinocytes, prior to the administration of these supernatants to the DC cultures. Addition of these antibodies to poly I:C-acti-
vated keratinocyte supernatants blocked the induction of CD83, CD80, and CD86 expression by DC. DMFI represents the di¡erence between the various
stainings and the isotype control. Results are for one representative experiment out of three.
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cultured for an additional 46 h, and the supernatants were
analyzed by ELISA. Whereas poly I:C- and TNF-a/IL-1b-
activated keratinocytes produced similar levels of IL-8 (Fig 2B),
only keratinocytes activated by poly I:C produced TNF-a
(Fig 2A). Type I IFNs were undetectable by standard ELISA
in all groups (data not shown). RT-PCR analysis, however,
readily revealed that only poly I:C-activated keratinocytes
were able to upregulate mRNA expression for IFN-a and IFN-b
(Fig 2D).
DC matured in the presence of poly I:C- or TNF-a/IL-
1b-activated keratinocyte supernatants exhibit similar
capacities to support naive Th cell proliferation We
subsequently studied whether the exposure of maturing DC to
keratinocyte supernatants a¡ects their ability to stimulate
allogeneic naive Th cells in mixed lymphocyte reaction
conditions. As the capacity of DC to induce a particular Th
development is dependent on their maturation status we added
LPSþMF to all DC cultures to synchronize their maturation.
As shown in Fig 3, maturing DC exposed to nonactivated or
poly I:C- or TNF-a/IL-1b-activated keratinocyte supernatants
were as e¡ective in inducing Th cell proliferation as DC
matured with LPSþMF only. As expected, iDC were less
e¡ective in inducing Th cell proliferation. Although the
proliferative response of iDC compared to all mature DC
groups was statistically signi¢cant, the comparison of the
proliferative response between the mature DC groups with each
other did not reach the level of signi¢cance. These results indicate
that the exposure of DC to keratinocyte supernatants does not
a¡ect their ability to stimulate naive Th cell proliferation.
DC matured in the presence of poly I:C-activated
keratinocyte supernatants acquire the ability to induce
Th1-like responses: role of type I IFNs and IL-18 To test
whether the presence of keratinocyte supernatants during
DC maturation primes these cells for the capacity to bias for
the development of Th1 or Th2, synchronized mature DC
were cocultured with naive Th cells in the presence of
superantigen, as previously described (Kalinski et al, 1998). After
14 d, the percentage of cells producing IL-4 and/or IFN-g was
evaluated by stimulation of e¡ector cells with PMA/ionomycin
and analysis of intracellular cytokine expression on a single cell
basis by FACS. Although the priming of naive Th cells with DC
matured in control conditions (LPSþMF) or DC cultured in the
additional presence of supernatants from nonactivated or TNF-a/
IL-1b-activated keratinocytes resulted in the development of a
mixed population of Th1 and Th2 cells after restimulation, DC
matured in the presence of poly I:C-activated keratinocyte
supernatants induced a strong bias toward the development of
Th1 cells (Fig 4).
Type I IFNs and IL-18 have been implicated in the virus-
induced development of Th1-type immune responses (Sareneva
et al, 1998). Indeed, we found that poly I:C-activated
keratinocytes not only produce type I IFNs (Fig 2D) but
also IL-18 (Fig 2C). In addition, neutralization of type I IFNs or
IL-18 in the supernatants of poly I:C-activated keratinocytes
partially inhibited Th1 polarization (Fig 5A). When the
two soluble factors were neutralized, however, we observed
no further decrease in the percentage of IFN-g-producing
T cells to levels close to neutral conditions. These data indicate
that poly I:C-activated keratinocytes produce both type I IFNs
and IL-18 that prime for DC inducing the development of
Th1 cells.
Figure 2. Poly I:C-activated, and not TNF-a/IL-1b-activated, kera-
tinocytes produce signi¢cant amounts of TNF-a and IL-18, and ex-
press IFN-a and IFN-b. Normal human keratinocytes were pulsed for
2 h with either poly I:C or TNF-a/IL-1b, washed extensively (¢ve times in
5 ml), and cultured for an additional 46 h in the presence of fresh medium.
Supernatants were harvested and TNF-a (A), IL-8 (B), IL-18 (C), and IFN-
a (data not shown) were determined by ELISA (see Materials and Methods).
(D) shows the expression of IFN-a and IFN-b mRNA in 4 h stimulated
keratinocytes. RNAwas extracted for RT-PCR analysis. Each ¢gure shows
one representative out of three independently performed experiments.
Figure 3. DC matured in the presence of poly I:C- or TNF-a/IL-
1b-activated keratinocyte supernatants exhibit similar capacities to
support naive Th cell proliferation. Maturation of DC was induced by
either a combination of keratinocyte supernatants (50% vol/vol)
and LPSþMF or LPSþMF alone. iDC or di¡erentially mature DC
were cultured at di¡erent numbers with 2.5104 allogeneic naive
(CD45RAþ )CD4þ Th cells. After 5 d, the cells were pulsed during
the last 16 h with [3H]thymidine ([3H]-TdR). iDC (open triangles);
DCþLPSþMF (closed triangles); DCþLPSþMFþ keratinocyte superna-
tants, unstimulated (open circles), poly I:C (closed circles), TNF-a/IL-1b (open
squares). Results are expressed in counts per minute (cpm). Data were ana-
lyzed for statistical signi¢cance using ANOVA followed by Dunnett’s mul-
tiple comparisons test using iDC as control. npo0.05, nnpo0.01. Results
are representative of three independent experiments.
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Th1 polarization induced by poly I:C-activated keratino
cytes is partially mediated by DC-derived IL-12 IL-12 is a
major Th1-driving cytokine, promoting cell-mediated immunity
(O’Garra, 1998), and can be produced by DC and other antigen-
presenting cells upon CD40 ligation by CD40L expressed by
activated T cells (Cella et al, 1996). An indication for a role of IL-
12 in the enhanced Th1 polarization by poly I:C-activated
keratinocytes was the ¢nding that the presence of such
supernatants, and not supernatants from TNF-a/IL-1b-activated
keratinocytes, enhanced the production of IL-12p70 in CD40L-
stimulated iDC (Fig 6A). This enhanced production was blocked
entirely by the additional presence of neutralizing antibodies
against IFN-a/b in the keratinocyte supernatants (Fig 6A),
indicating that keratinocytes enhance IL-12p70 production by
CD40L-activated iDC via the release of IFN-a/b.
It remained to be established, however, to what extent
keratinocyte-derived supernatants were able to prime for
enhanced IL-12 production, i.e., do DC matured in the presence
of keratinocyte-derived supernatants show enhanced IL-12 in
response to CD40L? As the maturation status of DC may
readily determine their ability to produce IL-12 (Kalin ski et al,
1999b), these experiments were performed with DC with a
synchronized maturation status by adding LPS and MF to all
the iDC groups, which does not alter the ability to produce IL-
12 in the mature DC (Kalinski et al, 1998). After 48 h, the mature
DC were extensively washed and restimulated for 24 h with
CD40L. In contrast to the above-mentioned experiments with
iDC, the CD40L-induced IL-12p70 production by DC matured
in the presence of poly I:C-activated keratinocyte supernatants
was not signi¢cantly di¡erent from that of DC matured in the
presence of supernatants from nonactivated or TNF-a/IL-1b-
activated keratinocytes (Fig 6B). In addition, the capacity for IL-
12p70, IL-6, and TNF-a production by di¡erently matured DC
upon CD40 activation was not altered, or only marginally
altered, upon neutralization of type I IFNs or IL-18 in the
keratinocyte supernatants (Fig 6B).
In order to analyze the contribution of the moderate levels of
T-cell-induced DC-derived IL-12 in the enhanced Th1
polarization, neutralizing antibodies against IL-12 were added to
cocultures of DC and naive Th cells. As depicted in Fig 5(B),
neutralization of IL-12 inhibited Th1 polarization in any
condition, including Th1 polarization induced by DC matured
in the presence of poly I:C-activated keratinocyte supernatants.
This e¡ect was more evident when simultaneously type I IFNs
and/or IL-18 were neutralized in the keratinocyte supernatants,
indicating that both soluble factors produced by poly I:C-
activated keratinocytes and IL-12p70 produced by mature DC
are involved in the observed Th1 polarization.
DISCUSSION
In this study it is demonstrated for the ¢rst time that soluble
mediators from pathogen-activated keratinocytes can profoundly
a¡ect DC function and consequently the class of the immune re-
sponse by demonstrating that supernatants from poly I:C-acti-
vated keratinocytes, but not from TNF-a/IL-1b-activated
keratinocytes, induce iDC to mature into e¡ector DC, and that
these DC appear to be type 1 DC (DC1) that bias the develop-
ment of Th1 cells from naive T cells.
Keratinocytes and viral infections Human keratinocytes are
the target of several viruses such as herpes simplex virus
(Mikloska et al, 1996; 1998), human papillomavirus (HPV) (Cho
et al, 2001), and varicella-zoster virus (Nahass et al, 2001). In
particular, it was reported that infection of human keratinocytes
with HPV type 16 (Nees et al, 2001) or herpes simplex virus
(Mikloska et al, 1998) induces the secretion several soluble
mediators. Moreover, it was suggested that herpes simplex virus
does not directly infect DC but epithelial cells (Kumaraguru and
Rouse, 2002), indicating a crucial role for keratinocyte-derived
factors in this viral infection.
Figure 5. Both IFN-a/b and IL-18 produced by poly I:C-activated
keratinocytes and IL-12 produced by mature DC contribute to the
development of Th1 cells. DCwere matured as described in Fig 3. After
48 h, DC were thoroughly washed, loaded with SEB, and cocultured with
naiveTh cells. After 14 d, respondingTh cells were analyzed as described in
Fig 4. (A) Blockage of both IFN-a/b and/or IL-18 in poly I:C-activated
keratinocyte supernatants reduced the frequency of Th cells expressing
IFN-g. This e¡ect was more evident when neutralizing antibodies against
IL-12 were added to DC/Th naive cocultures (B). This ¢gure shows one
representative out of four independently performed experiments.
Figure 4. DC matured in the presence of supernatants from poly I:C-activated keratinocytes have the ability to induce Th1-like responses.
Maturation of DC was induced as indicated in Fig 3. Di¡erentially matured DC were loaded with SEB and cocultured with naive Th cells. After 14 d,
resting memoryTh cells were restimulated for 6 h with PMAþ ionomycin in the presence of brefeldin A. The expression of IL-4 and IFN-g was assessed
by intracellular staining. Results are expressed as the percentage of cells in each population. Data are representative of six independent experiments.
994 LEBRE ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
DC maturation induced by keratinocyte-derived TNF-a and
IFN-a Synthetic dsRNA (poly I:C) is often used as a model of
viral infection. It has been reported that poly I:C induces
maturation of human DC (Cella et al, 1999; Verdijk et al,
1999) via binding to Toll-like receptor 3 (Alexopoulou et al,
2001). In addition, poly I:C-matured DC acquired the capacity
to trigger naive T cells and drive polarized Th1 responses (Cella
et al, 1999), a phenomenon that is partially dependent on IL-12
(de Jong et al, 2002). Our experiments extended these
observations by demonstrating that poly I:C can also modulate
DC function via the activation of keratinocytes. Indeed, in a
separate study we found that keratinocytes express various TLR
types, including high levels of TLR3 (Lebre et al, submitted).
Experiments with neutralizing antibodies indicated that poly
I:C-activated keratinocytes induce DC maturation through
the production of TNF-a and IFN-a/b, two well-known
DC-maturation-inducing factors (Verhasselt et al, 1997). The
importance of TNF-a-dependent maturation of local DC in
activating adaptive immune response to virus infection is
supported by a study showing that DC from TNF-de¢cient
mice cannot mature in response to virus infection (Trevejo et al,
2001).
IFN-a- and IL-18-dependent Th1 response In a search for
the soluble factors driving the type 1 phenotype of DC matured
in response to the supernatants from poly I:C-activated DC, we
identi¢ed the cytokines type I IFNs and IL-18. Upregulation of
expression of type I IFNs is one of the earliest cellular responses
upon contact with infectious agents, in particular viruses. The
rapid induction of type I IFNs re£ects the crucial role that these
cytokines play in the inhibition of viral spread before the
generation of a speci¢c immune response (De Maeyer and
Maeyer-Guignard, 1998). In addition, because of this early
expression, the type I IFNs are ideal signaling molecules alerting
the speci¢c immune system to the presence of viral infection,
which requires protective Th1 cell responses. Thus, type I IFNs
have a potent antiviral function that is due not only to their
direct e¡ects on infected cells (i.e., by inhibiting virus
replication), but also to their indirect e¡ects (i.e., by stimulation
of iDC maturation resulting in Th1-biased responses) (Bogdan,
2000). Consistently, keratinocyte-derived type I IFNs belong to
the molecules linking innate and adaptive immunity.
Importantly, the DC maturation observed is not due to
carryover of poly I:C present in keratinocyte supernatants as the
addition of supernatants derived from paraformaldehyde-¢xed
keratinocytes, after poly I:C activation, did not result in
upregulation of CD83, CD80, and CD86 by DC (data not
shown). Moreover, after exposure to poly I:C, keratinocytes
were washed ¢ve times in 5 ml of PBS, i.e.,41106 times
diluted.When the last wash (PBS) was added to iDC for 48 h,
no induction of DC maturation was observed (data not shown).
Altogether, these data suggest that keratinocyte-secreted factor(s),
rather than poly I:C carryover, induce(s) DC maturation.
IL-18 is widely expressed by both leukocytes and
nonleukocytes, and IL-18 expression in keratinocytes has been
shown before (Companjen et al, 2000a; 2000b). One of the most
well known activities of IL-18 is the stimulation of IFN-g
production during in£ammation, in particular the IL-12-induced
IFN-g production byTh1 cells (Ahn et al, 1997; Kohno et al, 1997).
Our data are in line with an earlier report proposing that
keratinocyte-derived IL-18 is involved in the cutaneous Th1-type
immune response (Naik et al, 1999).
Role of DC-derived IL-12 We found that Th1 polarization
induced by poly I:C-activated keratinocytes is partially mediated
by DC-derived IL-12. IL-12 is an important factor in the
induction of Th1 responses (O’Garra, 1998), although DC-
derived IFN-a and IL-18 have also been implicated (Sareneva
et al, 1998). IL-12 is produced by both iDC and mature DC upon
CD40 ligation (Cella et al, 1996; Koch et al, 1996; Hilkens et al,
1997; Kalinski et al, 1997) and is regulated by cytokines and
prostaglandin E2 (Vieira et al, 2000; Kalinski et al, 2000; 2001).
Here, we have shown that type I IFNs from poly I:C-activated
keratinocytes enhance CD40L-induced IL-12 production in
iDC. Surprisingly, these keratinocytes did not prime for
enhanced IL-12 production in CD40L-activated mature DC.
This discrepancy is also found when DC are directly activated
by poly I:C, which induces high levels of IL-12 in iDC (Cella
et al, 1999; Verdijk et al, 1999) but not does not prime for high
IL-12 in mature DC (de Jong et al, 2002). The enhanced IL-12
Figure 6. Poly I:C-activated keratinocyte supernatants enhanced IL-12 production by iDC upon CD40 ligation whereas it did not prime for
high IL-12 production in mature DC. (A) iDC were stimulated with CD40L-transfected J558 cells (each 20,000 cells per well) in the absence or the
presence of poly I:C- or TNF-a/IL-1b-activated keratinocyte supernatants (50% vol/vol). In addition, supernatants of poly I:C-activated keratinocytes in-
cubated with neutralizing antibodies against IFN-a/bwere added to iDC. Poly I:C-activated keratinocytes enhance bioactive IL-12 production by CD40L-
stimulated iDC via the release of type I IFNs. (B) IL-12p70, IL-6, and TNF-a production by mature DC. Di¡erentially activated keratinocyte supernatants
do not modulate the bioactive IL-12 production of mature DC. Maturation of DC was induced by either a combination of keratinocyte supernatants (50%
vol/vol) and LPSþMF or LPSþMF alone. After 48 h DCwere thoroughly washed and stimulated with CD40L-transfected J558 cells. IL-12p70, IL-6, and
TNF-a concentrations in 24 h supernatants were determined by ELISA. Results, expressed as mean7SD of triplicate cultures, are from one representative
experiment out of three with similar results. Data were analyzed for statistical signi¢cance using ANOVA followed by Dunnett’s multiple comparisons test
using DC matured in the presence of LPSþMFþ unstimulated keratinocyte supernatants as control. npo0.05, nnpo0.01.
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production by iDC may be primarily important for the optimal
and rapid activation of local e¡ector cells, e.g., primed Th cells,
class-I-restricted cytotoxic T lymphocytes, or natural killer cells,
to eliminate virus-infected keratinocytes. The lack of enhanced
IL-12 production in DC primed by poly I:C-activated
keratinocytes and the partial inhibition of the development of
Th1 cells indicate that additional DC-derived factors have
contributed to the development of these Th1 cells. As it has been
suggested that dsRNA and in£uenza virus can induce DC
maturation and confer the capacity to prime a Th1 response
through the production of both IL-12 and type I IFNs (Cella
et al, 1999) and that DC-derived IL-18 enhances the IL-12-
induced production of IFN-g by Th1 cells (Ahn et al, 1997;
Robinson et al, 1997), type I IFNs and IL-18 are likely candidates.
Clearly, the direct activation of iDC by pathogen will contribute
to the initiation and regulation of the speci¢c immune response
to this pathogen by committing the functional phenotype of the
DC after their maturation.
DC polarizing capacity: role of microenviroment It has
been proposed that tissue-derived ‘‘danger’’ signals can also be
vital in this respect (Matzinger, 1994). The nature of these signals
is dependent on the type of tissue and type of pathogen involved.
The data suggest that viruses can commit DC indirectly to
become DC1 by the activation of keratinocytes located in the
vicinity of DC. It may be speculated that other stromal cells of
the skin, e.g., ¢broblasts that are also capable of producing TNF-
a or IFN-a in response to virus infection, may also be able to
initiate maturation and polarization of DC. Recently, Soumelis
et al (2002) reported that thymic stromal lymphopoietin (TSLP)
is elevated in human keratinocytes from atopic dermatitis patients
and that TSLP can induce the development of a Th2-cell-
promoting DC phenotype DC2, characterized by the capacity
to bias naive Th cells into Th2 cells. The authors therefore
proposed that enhanced levels of TSLP may contribute to the
allergic in£ammation in atopic dermatitis. In contrast to our
study, however, this study does not show direct evidence that
TSLP present in keratinocyte culture supernatants is a factor
crucial in inducing the e¡ector DC2 phenotype. Our data and
the data from the study of Soumelis et al (2002) were obtained
by targeting monocyte-derived DC and peripheral blood
CD11cþ DC, respectively, and it was hypothesized that such DC
comprise precursors of epidermal DC (Ito et al, 1999). Although it
remains to be established in full detail, Langerhans cells may also
be responsive to keratinocyte-derived signals, as all DC
populations assayed so far have shown a high degree of plasticity
in response to environmental stimuli (Shortman and Liu, 2002).
Concluding remarks In summary, this study demonstrates
that pathogen-induced keratinocyte-derived factors can activate
DC and modulate their function. These data support the notion
that iDC as sentinels of speci¢c immunity can respond to
pathogen-associated molecules not only directly via pattern
recognition receptors (Janeway, 1992), but also indirectly, as a
result of their reactivity to factors produced by tissue cells in
response to those pathogens (Matzinger, 1994).
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